Plant biotypes that are resistant to S-triazines under most conditions often grow less vigorously and have lower quantum yields and lower maximum rates of photosynthesis. The photosynthetic reactions responsible for these effects were identified in whole leaves and thylakoids of nearly isonuclear lines of oilseed rape (Brassica napus L.). The lower quantum yield was a result of poor efficiency in the use of separated charge at the photosystem II reaction center. Charge separation occurred normally, but over 30% of the charges recombined instead of being used for oxygen evolution and for reduction capacity in photosystem I. The lower maximum rate of photosynthesis in the resistant biotype was set by the transfer of electrons between the primary, QA, and secondary, QB, acceptors of photosystem II. This charge transfer reaction became rate limiting in resistant biotypes. The decreased quantum yield and decreased maximum rate of photosynthesis are both believed to be consequences of changes in the 32 kilodalton herbicide binding protein. As such, it is likely that these traits will not be genetically separable.
The differential effect of herbicides between desirable crops and unwanted weed plants is generally low. Enhancement of herbicide selectivity by modification of crop plants for greater herbicide resistance would be of great value to agriculture. Problems of carryover in which a present year's crop is damaged by herbicides that remain in the soil from a previous year's application could be avoided. More effective weed control with herbicides would be possible with resistant crop plants.
One strategy for obtaining the goal of enhanced herbicide selectivity has been suggested by nature in the form of naturally occurring resistance to S-triazines. This resistance is due to a decrease in sensitivity to triazines of photosynthetic electrontransport in isolated chloroplasts, which results from an alteration in the site for herbicide binding (25) .
Herbicide binding sites are associated with particular PSII proteins. For ureas and triazine type herbicides, a 32 to 34 kD polypeptide (26) , and for the dinitrophenols, a 40 kD polypeptide (22) are the primary sites of herbicide binding. Triazine-resistant biotypes are now known to have specific amino acid changes in at least three sites on the 32 kD herbicide-binding protein, which is coded by the DNA of the chloroplast psbA gene (7) (8) (9) .
While resistance to herbicides is a potentially desirable characteristic in crops, an extremely important, but distinctly unde-sirable, characteristic is also frequently observed in resistant weed biotypes. Herbicide-resistant biotypes often have less vigorous growth and seed production than susceptible biotypes under both competitive and noncompetitive growth conditions (1,27). The quantum yield and light-saturated rate of carbon dioxide fixation were both 25% less in resistant than susceptible biotypes (12, 24) . It was suggested (12) that resistant biotypes had intrinsic inefficiencies in their photosynthetic reactions or deficient leaf anatomical and physiological characteristics. However, careful characterizations of the anatomical and physiological properties of leaves of triazine-susceptible and -resistant biotypes of nonisonuclear Senecio vulgaris (11) and nearly isonuclear Brassica napus (33) were unable to explain the lower rates of photosynthesis in the triazine-resistant biotypes. In leaves of S. vulgaris no significant difference in carboxylation efficiency or ability to perform a State I-State 2 transition existed between atrazineresistant and susceptible biotypes (14) .
The rate of electron transfer between the PSII quinone acceptors, QA 2 and QB, is known to be lO-fold slower in thylakoids from triazine-resistant pigweed (4). This was suggested (12) as the reason for the lower light-saturated rates of photosynthesis in resistant biotypes. However, it was argued (24) that these slow rates of electron flow were still more than adequate to support the maximum rates of carbon dioxide fixation in whole leaves of susceptible biotypes. No alternate explanation was given for the reduced rate of photosynthesis found in the resistant biotypes.
In this work, we sought to identify the photosynthetic reactions that were responsible for the lower quantum yield and lower maximum rates of photosynthesis found in plants that are resistant to S-triazines herbicides. We investigated the biophysical properties of photoreactions in whole leaves and thylakoids of B. napus, resistant and susceptible to S-triazines. Earlier work on B. napus was done only on thylakoids. In this work the extension to whole leaves allowed identification of anv artifacts from thylakoid isolation. Nearly isonuclear lines of r;sistant B.
napus were used as assurance that the changes we were studying were specific to genetic alterations in the chloroplast genome and not in the nuclear genome.
MATERIALS AND METHODS
Plant Material. Seeds of nearly isonuclear triazine-resistant oilseed rape (Brassica napus L.) and triazine-susceptible oilseed rape were provided by Dr. Rachael Scarth of the University of 0' -1
100 150 ) biotypes of oilseed rape. Top panel, low irradiance range to display quantum yield differences; bottom panel, high irradiance range to display differences in maximum rates.
waveform recorder. Digitized data were transferred to a Hewlett Packard HP87 minicomputer, which had been programmed to determine peak heights.
Absorption Changes. Photochemically induced absorption changes at 325 and 705 nm were measured in thylakoids with a laboratory built spectrophotometer. The 325 nm absorption change was measured under multiple flash excitation to avoid contributions from ancillary acceptors besides QA or from oxygen evolving system S-states (5).
Chi Content. A 2 cm 2 section of leaf was cut from the middle of the leaf away from the midrib. The leaf piece was then cut into thin strips and ground in 80% acetone with a Ten Broeck tissue grinder. The homogenate was centrifuged at 3000g for 5 min. The Chi concentration of the supernatant was determined spectrophotometrically based on the absorption at 645 and 663 nm (16) .
The photosynthetic rates of the two biotypes of oilseed rape measured at low irradiance and saturating CO 2 are shown in Manitoba. The triazine resistant trait was transferred from the weed, Brassica campestris L., to oilseed rape by repeated back crosses (3) . Seeds of dwarf pea (Pisllm sativllm var Wando) were purchased from a local seed company. Seeds were germinated in potting soil and transplanted to 5-inch diameter pots. The plants were grown in a greenhouse and leaves were used at 3 to 4 weeks after germination. Temperatures were between 18 and 30°C, and irradiance was between 0 and 1300 /lE m-2 s-J (400-700 nm) in an average 24 h period. Developmental differences between the resistant and susceptible oilseed rape (10) were not obvious at this time of growth.
Sample Preparation. When making measurements on whole leaves, a leaf was removed from the plant and a circular disc of 2.5 cm diameter was excised with a razor blade. Measurements were begun on the leaf within 10 min of removal from the plant. Thylakoids (broken chloroplasts) were isolated from leaves as previously described (16) . The reaction medium contained: 400 mM sucrose, 50 mM Tes (pH 7.5), 10 mM NaC!, and 5 mM MgCb.
Oxygen Measurements. For measurements of leaf discs, a Hansatech model LD2 leaf chamber and oxygen electrode were used. The temperature was maintained at 25T and the chamber was flushed with 5% CO2 prior to every measurement. This level of CO2 saturates photosynthesis and inhibits photorespiration (6) . Illumination with continuous light was provided by a heatshielded 150 W tungsten-halogen lamp. V max was measured during four successive 3-min intervals of 150 /lE m-2 s-J irradiance. When making quantum yield measurements, the irradiance level was varied with neutral density filters. The irradiance levels were measured with a LiCor model LI-190SB quantum sensor that has flat quantum response in the 400 to 700 nm range. The protocol for measuring quantum yields was to flush the chamber with 5% CO 2 , irradiate for 3 min with 1500 /lE m-2 s-J light, and then measure for 3 min at the decreased light level for the desired point on the yield curve. Leaf absorptivity was measured with an integrating sphere operated with the same light source and detector as used with the oxygen electrode. Flash excitation was given at 5 Hz and provided by one EG&E model FX200, xenon, strobe lamp operated at 1500 V with 4/lF capacitance (4.5 J input energy). Flash excitation was saturating as demonstrated by no significant decrease in oxygen evolution when a 50% transmitant neutral density filter was inserted. A laboratorybuilt low-noise electrode bias and amplifing circuit along with double-shield cables allowed for a signal to noise ratio of 20 to 1. Heating artifacts in the leaf disc measurement were found to be negligible. This was checked by using leaf pieces made photosynthetically inactive by vacuum infiltrating with DCMU or by heating in boiling water for 5 min. For measurements with thylakoids, a Yellow Springs Instrument model 4004 Clark-type oxygen electrode in a water-jacketed reaction vessel was used. Continuous and flash illuminations were identical to that used with the leaf chamber.
Chi a Fluorescence. The ChI a fluorescence yield was measured by the two flash method (18) . For measurements on leaf discs, the actinic flash was provided by an EG&G model FX200 xenon flash operated at 1500 V with 4 /IF capacitance (4.5 J input energy) through a Coming CS 4-96 glass filter. The delayed analytic flash was provided by a General Radio Stroboslave 1539 through a Coming CS 4-96 glass mter and a 1% transmitant neutral density filter. Chi a fluorescence was detected by a Hamamatsu R928 photomultiplier that was shielded with a Coming CS 2-64 glass filter. The optical axis of the actinic and analytic flashes was at 90°to that of the photomultiplier. The piece ofleafwas held at 45" with respect to these optical axes. In the case of thylakoids, the same instrument was used except the leafwas replaced by a cuvette to hold the thylakoids. The analog output of the photomultiplier was digitized by a Biomation 2805 ms while the nearly isonuclear resistant oilseed rape is about 7 times slower at 3 ms. This is similar to results from thylakoids of nonisonuclear pigweed (4) and from leaves of nonisonuclear lambsquarters (28) .
Next, the oxygen evolution per flash is determined in leaf discs with flashes given at 5 Hz. In order to obtain a valid measurement of flash yields, the reaction centers must completely recover in the time between flashes, which is 200 ms for the 5 Hz flash rate.
From Figure 2 it is clear that in leaf discs ChI a fluorescence is not fully decayed even by I s after a flash. This corresponds to very slow reoxidation of QA-and a consequent slow recovery of the reaction center to the photoactive state of P680 QA' The oxygen flash yields, Yss, in Table I Figure 3 shows the oxygen yield dependence (_) for the susceptible (top panel) and resistant (bottom panel) biotypes and the behavior (--) predicted from ChI a fluorescence decay (Fig. 2) , presuming a linear relationship between oxygen yields and L1F. Clearly this linear relationship is valid for leaf discs of Brassica and agrees with an approximately linear relationship found for ChIarella (20) . The decay of ChI a variable fluorescence is a measure of the time course of the capacity for PSII to use sequentially absorbed quanta. Previously, L1F was measured with continuous illumination techniques and a nonlinear relationship was found between L1F and the reduction of QA and oxygen evolution. However, as shown here for leaf discs of Brassica, a linear relationship is found with pulse techniques. A review of the literature and discussion of this subject is given by Ley and Mauzerall (20) .
The oxygen flash yields are measured with flashes of saturating irradiance and, therefore, represent the concentration of active oxygen evolving complexes per unit area of leaf. The results in Table I indicate that the two biotypes of oilseed rape and pea are identical within experimental error. The rate of turnover ofPSII, T, needed to support the maximal rate of photosynthesis is given by Yss/Vrnax. This is the rate at which every reaction center that is active in oxygen evolution must turn over in order to sustain Vrnax assuming all reaction centers have the same turnover time. This rate is limiting for photosynthesis and is shown in Table I for leaves of the susceptible and resistant biotypes of oilseed rape and also for pea. The values are all between 7 and 8 ms.
A comparison of this rate of turnover with the fluorescence decay, Figure 2 , shows that at 8 ms in susceptible oilseed rape 85% of the reaction centers have become photoreactive while, in resistant oilseed rape, 60% of the reaction centers have become photoreactive. The QA-QB~Qa QB-reaction is a slight limitation in susceptible oilseed rape but a significant limitation in resistant oilseed rape.
Since the rate of charge transfer in the quinones is so drastically altered, we wanted to determine if the concentration of PSI and II might also be altered. We measured the concentration ofPSII based on the photoreduction of QA measured by the flashinduced absorption change at 325 nm (5) . The concentration of PSI was based on the photooxidation of P700 measured by the flash-induced absorption change at 705 nm (5) . These absorption changes must be measured in low scattering samples, so we used thylakoids prepared from leaves of the three different types of plants. The oxygen flash yields found in thylakoids (Table II) Table I . The susceptible oilseed rape and pea quantum yields are almost identical, whereas the resistant oilseed rape has a 25 % lower quantum yield. The lower quantum yield of the nearly isonuclear resistant biotype agrees with earlier findings for nonisonuclear Senecio vulgaris (12, 14) and Amaranthus hybridus (24) . The photosynthetic rates reach maximal values at levels of absorbed light greater than 800 E m-2 S-I and are shown in Fig. 1 , bottom panel and Table I . The susceptible oilseed rape and peas are the same within experimental error and the nearly isonuclear resistant oilseed rape has about a 20% lower maximum rate. Differences in maximal rates of this magnitude have been found previously in nonisonuclear biotypes (12, 14, 24) .
The decay of Chi a fluorescence after a flash reflects the Q....-QB~Q.... QB-electron transport reaction (21) . Figure 2 shows the kinetics of this decay in leaf discs of susceptible and resistant biotypes of oilseed rape. The decays are multiphasic with the resistant biotype having a much slower decay. The decay halftimes in pea and susceptible oilseed rape are between 0.4 to 0.5 Table 1 . Photosymhetic Characteristics ofLeafDiscs A verage values and standard deviations are from determinations made on seven different leaves. The quantum yield is calculated as the slope of the rate of oxygen evolution to the quantum flux of absorbed light at flux densities below 150)lE m-2 S-I, see Figure 1 . Vmax is the maximum rate of oxygen evolution, which is measured at a flux density of absorbed light of 1500)lE m-2 S-I. Y", has been corrected for incomplete oxidation of QA between excitation flashes, see the text for details. T is the rate of turnover of PSII that is necessary to support the maximal rate of photosynthesis (value ofline 5, Y"" divided by value ofline 2, Irma,). 
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centers that are active in charge separation (QA) is higher in resistant than in susceptible oilseed rape and lower in pea thylakoids. The concentration of PSI centers that are active in charge separation (P700) is approximately the same in pea and the susceptible biotype of oilseed rape but 10% greater in the resistant biotype. The ratio ofPSIIjI capable of charge separation is 10 to 20% greater in resistant than susceptible oilseed rape. It was shown earlier (5) in pea thylakoids that not all charge separation at PSII results in oxygen evolution. This is verified in Table II by the efficiency of charge usage, E, being less than unity. The resistant biotype of oilseed rape has a very low efficiency; only 54% of PSII charge separations result in oxygen evolution. DISCUSSION Most previous studies of the photosynthetic properties of plant biotypes resistant to S-triazines were done on naturally occurring, nonisonuclear lines. As pointed out by Gressel and Ben-Sinai (10), changes in nuclear as well as chloroplast genome could not be distinguished in this type ofplant material. The trait oftriazine resistance is maternally inherited (30) . This allows backcrossing to produce nearly isonuclear lines that retain the altered chloroplast genome with the consequent herbicide tolerant trait. Our use of nearly isonuclear oilseed rape, resistant to S-triazines, demonstrated that the following traits are controlled by the chloroplast genome: lowered quantum yield, lowered maximal photosynthetic rates, and greater than 10-fold slower electron transport between QA and QB. Also, in this work these properties are measured in leaf discs, which demonstrated they are not consequences of specific damage during thylakoid preparation. This conclusion that thylakoid damage was not important had been reached earlier (28) .
The two main changes in the photosynthetic characteristics of biotypes resistant to S-triazines are the reduction in quantum yield ( Fig. 1; Table I ; 12, 14,24) and the lowered maximum rate of photosynthesis (Table I; 12, 14, 24) . Our data lead to explanations for both of these phenomena.
Resistant oilseed rape has a low efficiency, E, in its use of separated charge for oxygen evolution compared to susceptible oilseed rape and pea (Table II) . The efficiency of charge usage is 26% lower in the resistant versus susceptible oilseed rape and is adequate to explain the magnitude of decrease found in the quantum yield ( Fig. 1; Table 1 ). This low efficiency of charge usage can be explained by enhanced recombination of separated charge at PSII. Upon excitation, the oxygen evolution S-states do not advance with high efficiency and are not stabilized with respect to charge separation. Charge separation occurs and Sstates advance but they recombine with QA-with high probability in resistant biotypes. This destabilization of S-states is consistent with the highly damped pattern of oxygen evolution (12, 13) and faster deactivation of S-states (13) in resistant biotypes. The recombinant of S-states and QA-also competes for electron flow to PSI. This accounts for the observed decrease in quantum yield for CO2 fixation (12, 24) . The enhanced charge recombination in resistant biotypes has been suggested (4) to be due to a decrease in the equilibrium constant of the QA-QB --'> QA QB-reaction.
In susceptible oilseed rape, peas, and spinach (Table II; equivalent, within experimental error, to those found in leafdiscs (Table I ). This demonstrates that no significant damage is done to the oxygen evolving complex by the thy1akoid isolation procedure.
The data in Table II indicate that the concentration of PSII Table II . Photosynthetic Characteristics of Thylakoids All measurements were made in pH 7.8 reaction medium, using techniques previously described (5) . E is the efficiency of PSII in its use of separated charge for the evolution of oxygen. It is assumed that four electrons are extracted from water for every oxygen evolved (19) . The standard deviations shown are for five repeat measurements. evolution that are below the theoretical maximum (5). This should not be confused with 5% misses in the oxygen evolution system (19) , which are reverse reaction 5 in the above scheme. The 5% misses occur after S-states advancement (reaction 4), while the 20% lost charge separation occurs prior to S-state advancement.
Triazine-resistant biotypes are known to have an altered 32 kD protein (7-9), which binds herbicides as well as QB. It has been suggested (4) that this altered protein changes the environment of QA and QB such that the equilibrium constant for the QA-QB -> QA QB-reaction is decreased. QA-would be less stable in resistant biotypes, which would favor recombination and give rise to decreased efficiency of charge usage reported in Table 1 . Another hypothesis (12, 13) suggested that a change in the 32 kD binding protein of resistant biotypes alters the function of the oxygen evolving complex so that S-states are unstable and readily recombine. Either hypothesis gives the same end result, decreased efficiency of charge usage. The hypothesis that a change in the 32 kD herbicide binding protein would have an effect on the oxygen evolving complex requires that one give up the beliefthat proteins are isolated from each other and are located specifically on the donor and acceptor sides of the thylakoid membrane. The contrasting notion that a protein can affect both oxidizing and reducing side reactions is not far fetched, however, Treatment with hydroxylamine which affects the oxygen evolving system of PSII by releasing Mn also affects the reducing side of PSII and decreases the affinity for atrazine (17) . It was recently shown (32) that Tris treatment, which specifically removes the three peripheral proteins for the donor side ofPSII associated with oxygen evolution, also reduces the affinity of triazine type herbicides to the acceptor side of 32 kD polypeptide. From our results we suggest the reciprocal; a change in the 32 kD polypeptide affects the function of the oxygen evolving complex. Since the 32 kD protein is believed to span the thylakoid membrane five times (31) , it may be responsible for changes on both the donor and acceptor side of PSII.
The equal oxygen flash yields for resistant and susceptible biotypes is surprising in view of the low efficiency of charge usage by the resistant biotype oilseed rape, Table II . However, this inefficient use of charge separation is totally compensated for by the higher concentration of PSII reaction centers capable of charge separation, QA, in the resistant biotype oilseed rape, Table   II . Whether a higher PSII concentration is fortuitous or a physiological compensation by the plant to the resistant trait can be decided only after measurements of other triazine resistant species.
The lower quantum yield due to poor efficiency of charge usage will be unimportant under conditions of saturating light intensity. So, the lower maximal rates of photosynthesis, Vma", in resistant biotypes (Table I; 12, 14, 24) must have a different explanation. Based on the data in Table I and Figures 2 and 3 , we hypothesize that the lower Vmax in resistant biotypes occurs because the QA-QB -> QA QB-charge transfer reaction becomes the rate limiting step for photosynthesis. The turnover time, T, that is necessary to support Vmax is found to be 8. I8 ms in resistant oilseed rape and by 8 ms only 60% of the reaction centers wiII be photoactive (QA-reoxidized). In susceptible oilseed rape, Tis 7.45 ms and by 7.5 ms 85% of the reaction centers wiII be photoactive (QA-reoxidized). Thus, the major rate limiting step in the susceptible biotypes is beyond the QA to QB step and is in plastoquinone pool reoxidation or the Calvin cycle reactions. The rate limiting step in photosynthesis shifts from an unidentified step in susceptible biotypes to the QA to QB charge transfer step in resistant biotypes. It is possible that other reactions also become slower in resistant biotypes due to operating control mechanisms: however, limitation by the QA to QB electron transfer step is significant.
In earlier work (24) , it was found that in thylakoids of susceptible and atrazine-resistant biotypes of Amarallthlls hybridis, the rate of reduction of MV with electrons originating from water was 270 ± 15 and 265 ± 20 mmol e-mol Chi-I S-I, respectively. Based on these in vitro data, they concluded that lower in vivo rates of CO2 fixation could not he accounted for by slower QA-QB -> QA QB-reaction. This conclusion is contrary to the one we make based on the data presented in this paper. We believe this earlier conclusion is wrong for the following reasons (a) the in vitro measurement of MV reduction does not necessarilv reflect what is rate limiting for in vivo reactions, such as Co"2 fixation; (b) the rate of MV reduction, by itself, does not tell what is the turnover time of the rate limiting step. In order to calculate the turnover time, one needs a measure of the concentration of active PSII centers, which we designate Yss in this work; (c) in this earlier work (24) , the concentration of active photosystem II was measured but is not useful because it was measured in vitro (in thylakoids). The same rate ofMV reduction in thylakoids of susceptible and resistant biotypes ofAmaranthus means that in vitro the rate of MV reduction is limited by some reaction other than QA-QB -> QA QB-and the rate of this other reaction is less than QA-QB -> QA QB-in susceptible or resistant biotypes. From such data, one cannot conclude what the relationship between QA-QB -> QA QB-reaction rate and CO2 fixation rate is in vivo. Our conclusion that QA-QB -> QA QBbecomes rate limiting in resistant biotypes of Brassica is valid since we measure Vma" Yss , and the rate of the QA-QB -> QA QB-in vivo (in leaf discs).
It is clear from the data presented here that in nearly isonuclear lines of Brassica napus the trait of herbicide resistance is linked to reduced quantum yield and Vmax• The same is found for Amaranthus retrojlexus (23) and Senecio vulgaris (12) . However, there are examples in the literature where this correlation breaks down. Triazine resistant Poa annua, Solanum nigrllm, Stellaria media (23) , Chenopodium album (15, 23) and Phalaris paradoxa (29) are not reported to have reduced quantum yield or Vmal(' In all of these contrary cases the plants were gathered from the field, thus changes in the nuclear genome and different growth conditions may have compensated for the effects of the altered plastid genome. The important question is the following: are these examples of herbicide resistance not being linked to reduced quantum yield and Vmal( or are these examples of changes in nuclear genome or other reactions during plant development that compensate for the detrimental effects of the herbicide resistant traits? We favor the latter explanation based on the data in this paper. In agreement with this interpretation is the finding that nearly isonuclear B. napus grown under low light exhibits identical quantum yields in resistant and susceptible biotypes (JJ Hart, A Stemler, personal communication).
There have been reports (2, 7, 9) of triazine resistant mutants of algae that have not shown altered growth rates or slowed QA to QB electron transfer. In these cases only changes in the plastid genome were involved. However, all ofthese mutants had relative resistance to atrazine of 67-fold or less and are genetically different from the B. napus, which has greater than 1000-fold resistance to atrazine. For practical use, biotypes with relative resistance greater than 67-fold would be necessary (9) . Apparently, it is only in biotypes with high relative resistance that the 32 kD polypeptide is altered in a manner which lowers quantum yield as well as inhibits the maximal rate of photosynthesis.
From the results of this study we conclude that the genetic change that causes herbicide resistance in the nearly isonuclear lines of B. napus also causes reduced quantum yield and Vmal( of photosynthesis. The isolation and introduction of this particular genetic modification into a crop plant will very likely have a similar detrimental effect on photosynthesis of the host plant. Further work must be conducted with nearly isonuclear lines of Plant Physiol. Vol. 88, 1988 herbicide-resistant plants to determine what genetic or environmental conditions might be able to compensate for this decreased photosynthetic capacity in resistant biotypes. Only by gaining this type of information will it be possible to devise strategies that allow crop plants to maintain high yields when the herbicide resistance trait has been incorporated into their genome.
